In this paper, the translaminar initiation fracture toughness of a carbon-epoxy Non-Crimp Fabric (NCF) composite laminate was measured using a Compact Tension (CT) test. The translaminar fracture toughness of the individual UD fibre tows was related to that of the NCF laminate and the concept of an homogenised blanket-level translaminar fracture toughness was introduced. Using an approach developed for UD-ply prepreg composites, it is demonstrated that the translaminar fracture toughness of off-axis fibre tows/NCF blankets can be analytically related to that of axially-loaded fibre tows/NCF blankets with a difference between experimentally-measured and predicted values lower than 5%.
Introduction 1
As a result of the increasing share of composite materials in sectors where cycle times and 2 manufacturing costs significantly impact the final product cost, the development of inexpen-3 sive and automated production methods is crucial [1] [2] [3] [4] .
4
The need for cost-effective alternatives to conventional prepreg-based composites led to the 5 development of Non-Crimp Fabric (NCF) composites [5] [6] [7] . When compared to their prepreg-of woven composites [36, 37] . However, to the knowledge of the authors, no work has been 23 published on the measurement of the translaminar fracture toughness of NCF composites.
24
To address this, the translaminar fracture toughness of a carbon-epoxy NCF composite fracture toughness was introduced. Furthermore, using an approach developed for UD-ply 29 prepreg composites [38] , it is demonstrated that the translaminar fracture toughness of off-axis 30 fibre tows/NCF blankets can be analytically related to that of axially-loaded fibre tows/NCF 31 blankets.
1
The present paper is organized as follows: the experimental method and the data reduction 2 scheme for the analysis of experimental results are described, respectively, in Section 2 and Table 1 ; here, subscripts 1 and 2 denote longitudinal and transverse direction 13 of the fibre tows. Figure 1 and layups 16 provided in Table 2 were cut using a CNC water-jet cutter. The notches of the specimens 17 were machined using a diamond coated disk-saw to guarantee an accurate and sharp crack 18 tip [43]. In Table 2 , each layup is expressed as:
19
• a tow-level layup, defined considering the orientations of the individual UD fibre tows 20 within the triaxial NCF blanket;
21
• a blanket-level layup, defined homogenising the triaxial NCF blankets as UD layers At least five CT specimens were tested for each layup indicated in Table 2 using an Instron 9 machine with a 20 kN load cell; the applied displacement rate was equal to 0.5 mm/min. A 10 video strain gage system was used to measure and record the relative displacement d of two 11 target points drawn on the surface of the specimens (see Figure 2 ). Load measurements were 12 recorded via the Instron load frame and synchronized with the relative displacement of the 13 two target points measured by the video strain gage system. shell elements with side l = 0.5 mm were used. The shape of the initial notch is not explicitly 6 modelled, as the stress intensity factor is not significantly affected by the morphology of the 
14
where α, β and χ were calculated to best fit the experimental data for each layup; the values 12 of α, β and χ for the two layups investigated in this work are provided in Table 3 . The Table 2 ). Table 2 ). Finally, the translaminar fracture toughness of each layup can be calculated as
where P c is the measured load that propagates the crack. The fracture toughness of the individual UD fibre tows can be obtained from that of the 
3.2.2. Relating the toughness of the off-axis fibre tows to that of the 0 • and 90 • fibre tows 
16
Therefore, from geometrical considerations, the translaminar fracture toughness of off-axis 17 plies (at an angle α with respect to the 0 • fibre tows), denoted as G α Ic , can be estimated as
18
[38]
In the present work, we use the same relation for off-axis fibre tows in an NCF architecture. .
3.3. NCF blanket-level translaminar fracture toughness The translaminar fracture toughness of the triaxial NCF blanket investigated in this work 7 can be directly evaluated from the measured translaminar fracture toughness of layup A, i.e. P m a x = 1 0 :2 (2 :6 % ) (a) Layup A (see Table 2 ). P m a x = 9 :3 (3 :3 % ) (b) Layup B (see Table 2 ). (a) Layup A (see Table 2 ). (b) Layup B (see Table 2 ). 
